Background: Factors that influence the cytoadherence property of P. falciparum are not completely understood. Results: Targeted disruption of the gene that encodes a RESA-like protein in P. falciparum results in stable and increased chondroitin 4-sulfate-dependent cytoadherence capacity. Conclusion: A RESA-like protein gene regulates PfEMP1 expression and cytoadherence of P. falciparum. Significance: Our findings provide a significant insight into the regulation of P. falciparum cytoadherence.
Plasmodium falciparum, the most virulent among several species of parasites that infect humans, is responsible for Ͼ90% of all deaths due to malaria (1) (2) (3) . The severity of malaria caused by P. falciparum depends on the ability of parasites to sequester in the microvasculature of various organs through the adherence of infected red blood cells (IRBCs) 4 to endothelial cell surface molecules, including CD36, CD31, and ICAM-1, and in the intervillous space of placenta via chondroitin 4-sulfate (C4S) (1) (2) (3) (4) (5) (6) (7) (8) . Thus, falciparum malaria manifests in multiple systemic clinical conditions and organ-related fatal pathologies, including cerebral and pregnancy-associated malaria (9, 10) . The proteins that mediate parasite cytoadherence are a family of antigenically variant proteins called P. falciparum erythrocyte membrane protein 1 (PfEMP1) expressed on the IRBC surface. Different members of the PfEMP1 family of proteins bind distinct host adhesion molecules, contributing to organ-specific sequestration of P. falciparum (11) (12) (13) (14) (15) .
The erythrocyte membrane-tethered PfEMP1s are clustered in relatively rigid, knobby protrusions formed by the accumulation of a conical shaped assembly of many molecules of the knob-associated histidine-rich protein (KAHRP) beneath the erythrocyte membrane (16 -19) . The acidic cytoplasmic ϳ45-kDa polypeptide portion of PfEMP1 binds positively charged KAHRP, which interacts with erythrocyte membrane skeletal proteins and stabilizes knob assembly, whereas the extracellular portion mediates IRBC binding to host cell adhesion molecules (20, 21) . The knob structure is further stabilized through the interaction of several other parasite proteins, including P. falciparum erythrocyte membrane protein 3 (PfEMP3), ringinfected erythrocyte surface antigen (RESA) encoded by the PF3D7_0102200 gene (PFA00110w; gene ID according to an earlier version of PlasmoDB), mature parasite-infected erythrocyte surface antigen (MESA) encoded by PF3D7_050800 (PFE0040c), and possibly other exported proteins, with erythrocyte skeletal proteins (16, 19, 22, 23, 24) . The clustering of PfEMP1 in the knob appears to allow for the multivalent interactions with host receptors, thereby enhancing the strength of IRBC binding to endothelial surface molecules in the vascular bed or to the C4S chains of chondroitin sulfate proteoglycan (CSPG) in the placenta. The lack of knob structures due to the deficiency in KAHRP expression results in reduced IRBC adherence to host receptors, such as CD36 (17) . Deficiency in PfEMP3 also significantly reduces IRBC adherence to CD36 (25) . However, the absence of RESA enhances avidity of IRBC binding to CD36, whereas a lack of MESA is without effect on cytoadherence capacity (25) .
Previous studies have shown that subtelomeric chromosomal deletions in P. falciparum lead to the loss of cytoadherence (17, 26) . Although this phenomenon is commonly seen in cultured parasites, it has also been reported to occur in field isolates (27) . It is likely that a loss of cytoadherence is prevalent in vivo, and the resulting non-adherent parasites are likely to be cleared from the circulation by the spleen, whereas adherent parasites are selected for and propagated. Earlier work has shown that the deletion of a ϳ55-kb subtelomeric region in chromosome 9 that contains the cytoadherence-linked asexual gene (clag9), critical for the cell surface expression of PfEMP1, results in a loss of cytoadherence (28, 29) . Similarly, a subtelomeric deletion of ϳ100 kb in chromosome 2 results in significantly reduced cytoadherence because this region contains the kahrp and pfemp3 genes, which are crucial for the assembly of a rigid knob and a clustering of PfEMP1 in the knob (17) .
A PfEMP1 named VAR2CSA that is exclusively expressed on the surface of C4S-binding P. falciparum-infected IRBCs specifically mediates the sequestration of IRBCs in the placenta by binding to the C4S chains of placental CSPG (13, 30, 31) . The IRBC adherence in the placenta contributes to pregnancy-associated malaria, characterized by several clinical conditions, including low birth weight, fetal loss, and maternal deaths (10) . In efforts to gain insight into parasite proteins that might play role in PfEMP1-mediated adherence of IRBCs to C4S, we initially performed a comparative analysis of parasite transcripts in C4S-binding parasites and parasites not selected for binding (predominantly non-binding parasites with ϳ1-2% binding parasites), using a genome-wide oligonucleotide microarray. The results showed that transcripts of contiguous genes on chromosome 2, including PF3D7_0201500 (PFB0075c), PF3D7_ 0201600 (PFB0080c, which encodes RESA-like protein 1 (RLP1)), PF3D7_0201700 (PFB0085c), PF3D7_0201600 (PFB0090c, KAHsp40), PF3D7_0201900 (PFB0095c, PfEMP3), and PF3D7_0202000 (PFB0100c, KAHRP), were transcribed at relatively high levels in the C4S-binding parasites but were down-regulated or missing in the C4S-nonbinding parasites. The roles of KAHRP and PfEMP3 in rigid knob formation and strengthening of the adhesive interactions between PfEMP1s and their receptors have been well established (16, 17, 19, 22) . Recently, PF3D7_0201800 (PFB0090c) has been shown to be an Hsp40, named KAHsp40, that interacts with KAHRP, PfEMP1, PfEMP3, Hsp70, and Hsp101 (32, 33) . KAHsp40 functions as a chaperone for proteins involved in knob assembly formation (32, 33) . A targeted disruption of PFB0085c showed no obvious change in PfEMP1 expression and C4S adherence ability of parasites, whereas that of PFB0090c resulted in var gene switching to express different PfEMP1 (34) . In this study, we show that PFB0080c is expressed on the IRBC surface and analyzed its role in VAR2CSA-mediated binding of IRBCs to the C4S chains of placental CSPG. Further, we found that the disruption of PFB0080c results in parasites stably maintaining the C4S-adherent phenotype through many cell cycles. We also found that a minor population of C4S-binding parasites lacking PFB0080c acquired CD36 binding characteristics, resulting in IRBCs adhering to both C4S and CD36. Thus, our results demonstrate that PFB0080c regulates VAR2CSA expression and var gene switching processes. The regulation of VAR2CSA expression by PFB0080c appears to involve more than one mechanism, including their interactions with one another and regulation of the expression of other genes, such as PFB0090c; each mechanism may partially contribute.
EXPERIMENTAL PROCEDURES
Parasites-P. falciparum parasites were cultured using O-positive human RBCs in RPMI 1640 medium containing 10 -20% human O-positive plasma and 50 g/ml gentamycin under 90% nitrogen, 5% oxygen, and 5% carbon dioxide atmosphere. The parasite cultures were synchronized as described previously (35, 36) .
Selection of C4S-and CD36-adherent P. falciparum Parasites-The C4S-adherent P. falciparum populations from 3D7 and NF54 strains (3D7-CSA and NF54-CSA parasites, respectively) were selected by panning on plastic dishes coated with CSPG purified from human placenta as described previously (36, 37) . The CD36-adherent parasites from PFB0080c knockout 3D7-CSA parasites (see below) were similarly selected by panning on CD36-coated plastic dishes. The adherent parasites were cultured at 3% hematocrit as outlined above. Unless otherwise stated, prior to binding analysis, the adherent parasites were reselected by two or three rounds of panning on plates coated with purified placental CSPG (36) or CD36 (38) . The IRBCs were harvested at the early to mid-trophozoite stages.
IRBC-CSPG Adhesion and Adhesion Inhibition Assays-The
binding of IRBCs to C4S and the inhibition of IRBC binding to C4S were performed using CSPG purified from human placenta as reported previously (36, 37, 39) . Briefly, the CSPG dissolved (400 ng/ml) in PBS, pH 7.2, was coated onto plastic Petri dishes as circular spots, blocked with 1% BSA in PBS. The spots were overlaid with a 2% suspension of washed parasite culture (ϳ20% parasitemia) in PBS. After 30 min, the unbound cells were washed off, and the bound cells fixed with 2% glutaraldehyde, stained with Giemsa, and counted using light microscopy (35, 36) .
For analyzing the inhibition of IRBC binding, solutions of glycosaminoglycans in PBS at twice the desired final concentrations were mixed with equal volumes of 4% suspension of IRBCs in PBS. The suspensions were incubated at room temperature for 30 min and then layered on CSPG-coated spots on Petri dishes. After 30 min at room temperature, the unbound cells were washed off, and the bound cells were fixed with 2% glutaraldehyde, stained, and analyzed as above.
Isolation of Parasite RNA-Approximately 100 l of cell pellets obtained from the synchronous cultures of 3D7-CSA and PFB0080c-knock-out 3D7-CSA parasites (ϳ20% parasitemia) at 18 -20 h postinvasion were suspended in 1 ml of TRIzol (Invitrogen) and extracted with 200 l of chloroform. In each case, total RNA in the aqueous phase was precipitated with 0.5 ml of isopropyl alcohol, and washed with 75% ethanol. The RNA was air-dried, dissolved in 30 l of diethylpyrocarbonatetreated water, treated with DNase for 15 min at room temperature, and purified using RNA purification columns (Invitrogen). The RNA (500 ng) in each case was reverse-transcribed using SuperScript II reverse transcriptase (Invitrogen). The PCR products (cDNA) were analyzed by electrophoresis on 2% agarose gels, and the cDNA was used for PCR amplification.
Microarray Analysis-Highly synchronous cultures of C4Sselected (NF54-CSA) and non-selected (NF54-NS) P. falciparum NF54 strain (ϳ30% parasitemia) were harvested at 18 h postinvasion. The cell pellet (ϳ1 ml) was suspended in 6 ml of ice-cold PBS, layered on successive 80, 60, and 40% stepwise Percoll cushions, and centrifuged at 1860 ϫ g at 4°C. Only the pellets containing IRBCs (the late ring stage parasites) and RBCs at the bottom of the tubes underneath the Percoll cushions were collected to obtain a nearly homogenous population of late ring parasites; cell debris and IRBCs on the top of the Percoll cushions were discarded. Cell pellets were washed with incomplete RPMI 1640 medium and lysed with 0.05% saponin in ice-cold PBS, pH 7.2. The released parasites were collected by centrifugation at 4°C, and total RNA was extracted as described previously (40) . Briefly, the parasite culture pellets were dissolved in TRIzol (Invitrogen), and 0.2 volume of chloroform was added, mixed thoroughly, and centrifuged. Total RNA in the aqueous phase was precipitated with isopropyl alcohol at room temperature for 10 min, and the precipitate was collected by centrifugation at 4°C and dissolved in diethylpyrocarbonate-treated water. Total RNA was purified on RNeasy mini spin columns (Qiagen, Valencia, CA).
Eight micrograms of total RNA were used for cDNA synthesis. An oligo(dT) primer containing a phage T7 promoter at its 5Ј end was used to prime the cDNA synthesis reaction. A sec-ond strand of cDNA was then synthesized and used as a template for in vitro transcription in the presence of biotinylated ribonucleotide (Enzo Life Sciences, Farmingdale, NY). The labeled cRNA was then fragmented, hybridized to the array, and stained with a phycoerythrin-streptavidin conjugate.
Hybridizations to a custom malaria parasite array (scr-Malaria) that contains probes for 5159 P. falciparum genes were carried out with 15 g of fragmented cRNA at 45°C for 16 h, and then the hybridization solution was removed, and the arrays were stained and washed according to Affymetrix protocols (40) . Arrays were scanned at an emission wavelength of 560 nm at 3-m resolution using a confocal scanner (Affymetrix), and the signal intensity for each sequence feature on the array was determined using the 70th percentile method in Microarray Suite 5 (Affymetrix). All array measurements were processed using a match-only integral distribution algorithm for high density oligonucleotide array analysis, as described previously (41, 42) .
Quantitative RT-PCR-Approximately 500 ng of parasite RNA was separately reverse-transcribed using SuperScript II reverse transcriptase (Invitrogen), and the cDNA was used for quantitative PCR analysis. The PCR was performed using 200 M gene-specific primers (Table 1) , 2ϫ SYBR Green PCR mix and cDNA in an ABI Prism model 7900HT instrument (ABI Prism quantitative PCR kit from Applied Biosystems). The cDNA levels for each gene in the PCR mixture were normalized to that of fructose bisphosphate aldolase, and data analysis was performed by the ⌬⌬Ct method.
Knock-out of the PF3D7_0201600/PFB0080c Gene-A 971nucleotide fragment at the 5Ј region of PFB0080c covering a 625-nucleotide portion of the promoter region and a 950-nucleotide fragment at the 3Ј region covering 714 nucleotides of the UTR were PCR-amplified from genomic DNA of 3D7-CSA using the primers shown in Table 1 . The products were cloned into pCC1 vector at NcoI and EcoRI, and SpeI and SacII restriction sites, respectively. The pCC1 vector contains a human dihydrofolate reductase cassette driven by the calmodulin promoter flanked by multiple cloning sites for inserting targeting sequences to act as targets for homologous recombination (43) . The recombinant plasmid, pCC1-⌬PFB0080c, was transformed into Escherichia coli XL10 competent cells, plated on agar plates, and the ampicillin-resistant colonies were selected and grown. Plasmids were prepared using a maxiprep kit (Qiagen). The purified plasmid was transfected to 3D7-CSA parasites, which were freshly panned on placental CSPG-coated plates, as described by Dietsch et al. (44) . Briefly, ϳ100 g of purified pCC1-⌬PFB0080c plasmid was resuspended in 100 l of cytomix solution (25 mM HEPES and 10 mM potassium phosphate containing 120 mM KCl, 0.15 mM CaCl 2 , 5 mM MgCl 2 , and 2 mM EGTA, pH 7.6) and electroporated into washed, fresh RBCs in incomplete RPMI 1640 medium at 310 V and a capacitance of 950 microfarads. The transfected cells were washed twice with RPMI medium, and the pCC1-⌬PFB0080c plasmid-loaded RBCs were added to purified schizont stage IRBCs and cultured. After two or three cycles of growth, the plasmid-loaded RBCs were added, and the parasites were further cultured. The transfected parasites were selected by culturing in RPMI 1640 medium containing 5 nM WR99210 (positive selection), and the drug-resistant parasites were obtained after 3 weeks of culturing. After culturing for 2 months in the presence of WR99210 (Jacobus Pharmaceuticals, Princeton, NJ), the resistant parasites were subjected to negative selection against the cdup (cytosine deaminase/uracil phosphoribosyltransferase) gene product by growth in the presence of 0.4 M 5Ј-fluorocytosine (ICN Biomedicals) to obtain PFB0080c gene-disrupted (⌬PFB0080c) parasites by double homologous recombination with the integrated human dihydrofolate reductase cassette. The parasites were cultured under drug pressure, and genomic DNA was isolated as outlined below and analyzed for the disruption of the PFB0080c gene by PCR using primers corresponding to the coding region, bp 884 -954 (see Table 1 ).
Isolation of Parasite Genomic DNA-Wild type 3D7-CSA and ⌬PFB0080c parasites obtained under WR99210 pressure and those obtained under both WR99210 and 5-fluorocytosine pressure were cultured to 20 -30% parasitemia. At the late trophozoite stage, cultures were harvested, and parasites from IRBCs were released by treatment with 0.05% saponin in icecold PBS, pH 7.2. The released parasites were pelleted at 1860 ϫ g at 4°C for 20 min and washed with ice-cold PBS. The parasite pellets were suspended in 10 mM Tris-HCl, 20 mM EDTA, pH 8.0, containing 0.5% SDS and proteinase K (25 g/ml) and incubated at 37°C for 3 h. The solution was extracted three times with phenol and chloroform and then treated with RNase. The DNA was precipitated by adding 3 M sodium acetate to a final concentration of 0.3 M, followed by 2.5 volumes of ethanol. Precipitated DNA was recovered by centrifugation and washed with 70% ethanol, its concentration was estimated by measuring the OD at 260 nm, and it was used for the analysis of PFB0080c by PCR.
Expression and Purification of PFB0080c-A 939-nucleotide fragment (nucleotides 361-1260) in the open reading frame of the PFB0080c gene that encodes amino acid sequence 121-420 of PFB0080c was amplified by PCR of P. falciparum genomic DNA and cloned into pGEX4T3 vector at SalI and NotI sites in frame with the GST gene sequence using the following primers: 5Ј-CGTTGTGTCGACAATATGTTAACAAAGAAAATGA-AAATTG-3Ј (forward) and 5Ј-CGTTTAGCGGCCGCTGAT-GGATCCTCATTTGCTCC-3Ј (reverse). The clones containing PFB0080c inserts were screened by restriction digestion analysis and confirmed by nucleotide sequence analysis. The recombinant plasmid was transformed into BL21(De3)RIPL E. coli for protein expression. Bacteria were grown to an A 600 of 0.8, and protein expression was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside at 37°C. After 3 h, the bacteria were lysed by sonication and centrifuged in a Sorvall RC5B centrifuge, and supernatants were loaded onto glutathione-agarose columns. The columns were washed with 20 mM Tris-HCl, pH 7.5, containing 150 mM NaCl and 0.1% Triton X-100. The bound GST-PFB0080c fusion protein was eluted with 50 mM Tris-HCl, pH 8.0, containing 15 mM glutathione.
Production of Anti-PFB0080c Antibodies-Four BALB/c mice were immunized by intramuscular administration of the purified recombinant PFB0080c protein (25 g/mice) mixed with Titermax adjuvant. After 21 days, mice were given a booster injection of 25 g of the protein in Titermax adjuvant. An additional booster dose of 25 g of protein was adminis-tered 21 days after the first boost. Two weeks later, blood was collected from individual mice serum prepared. The antibody titer as assessed by ELISA was ranged from 1:80,000 to 1:160,000.
Preparation of Parasite Protein Extract-About 100 l of parasite culture (ϳ15% parasitemia) pellets were treated with 0.05% saponin in incomplete RPMI 1640 medium and centrifuged at 1860 ϫ g. The pellets were washed with PBS, pH 7.2, and then extracted with 200 l of PBS, containing 0.5% Triton X-100 and a mixture of protease inhibitors. The supernatants were collected, and the insoluble materials were then extracted with 15 l of PBS, 2% SDS as reported previously (29) . The protein contents in the 2% SDS extracts were estimated by the Bradford assay, as reported (29) .
Western Blotting Analysis-The 2% SDS extract of 3D7-CSA parasites (20 g of total parasite proteins/lane) were electrophoresed on 10% SDS-polyacrylamide mini gels under reducing conditions. The protein bands in gels were transferred onto nitrocellulose membranes. The membranes were blocked with 2% BSA in PBS and incubated with 1:1000 diluted mouse anti-PFB0080c antiserum or 1:1000 diluted mouse anti-Pf39 monoclonal antibody (MRA-87 obtained from MR4). Bound antibodies were detected with horseradish peroxidaseconjugated goat anti-mouse IgG and chemiluminescence detection reagent.
Immunofluorescence Analysis of PFB0080c and VAR2CSA-Thin smears of enriched IRBCs from wild type 3D7-CSA and ⌬PFB0080c parasite cultures on glass slides were fixed for 10 min with methanol/acetone (1:1, v/v), cooled at Ϫ20°C, and blocked with 5% BSA in PBS, pH 7.2, for 2 h. The slides were then incubated with 1:100 diluted mouse anti-PFB0080c antiserum for 1 h at room temperature. The slides were washed and then incubated with 1:100 diluted FITC-conjugated goat anti-mouse IgG (BD Biosciences) and 0.4 M DAPI for 30 min. The stained cells were imaged using an inverted Nikon Eclipse TE2000-U fluorescent microscope equipped with a ϫ60 oil immersion objective lens. Similar areas of the cells were also photomicrographed under bright field with the same resolution.
For immunofluorescence analysis of surface-displayed PFB0080c, enriched, live IRBCs from 3D7-CSA parasite cultures were blocked with 5% BSA and immunostained. The IRBCs were incubated with 1:50 diluted mouse anti-PFB0080c antiserum at room temperature for 30 min. The cells were washed twice with PBS and then incubated with either 1:100 diluted FITC-conjugated goat anti-mouse IgG (BD Biosciences) and 0.4 M DAPI or 1:100 diluted phycoerythrin-conjugated goat anti-mouse IgG (Invitrogen) and 0.4 M DAPI. The immunostained IRBCs were washed with PBS. Fluorescent and light micrographs were viewed and recorded as above.
Immunofluorescence analysis of VAR2CSA in parental 3D7-CSA and ⌬PFB0080c parasites was performed as above. The non-permeabilized, enriched IRBCs were blocked with 5% BSA and treated with 1:50 diluted rabbit anti-VAR2CSA serum followed by 1:100 diluted biotinylated sheep anti-rabbit IgG. After washing, cells were incubated with 1:300 diluted phycoerythrin-conjugated streptavidin (BD Biosciences) and 0.4 M DAPI. The anti-VAR2CSA serum was raised in rabbit against the recombinant protein corresponding to Duffy binding-like domain 5⑀ of VAR2CSA, expressed in a baculovirus-insect cell system (45) .
Analysis of PFB0080c and VAR2CSA on the IRBC Surface by Flow Cytometry-3D7-CSA and ⌬PFB0080c parasite IRBCs (10 -15% parasitemia) harvested at 20 -24 h postinvasion were blocked with 5% BSA in PBS for 1 h at room temperature. The IRBCs were then incubated with 1:10 diluted mouse anti-PFB0080c antiserum or rat anti-VAR2CSA antiserum raised against the recombinant full-length extracellular portion of VAR2CSA expressed in a baculovirus-insect cell system (31) in PBS containing 2% BSA for 1 h. After washing three times with PBS, cells were incubated for 30 min with 1:100 diluted Alexa Fluor 488-conjugated goat anti-mouse IgG or donkey anti-rat IgG (Invitrogen) in PBS containing 2% BSA in PBS. Further, the IRBCs were stained with ethidium bromide (2.5 g/ml) for 30 min and analyzed by using a FACSCalibur flow cytometer (BD Biosciences). IRBCs similarly immunostained with mouse or rat preimmune serum were analyzed as controls. Data analysis was performed using FlowJo software (Treestar, Ashland, OR).
PFB0080c and VAR2CSA Binding Analysis by ELISA-Ninety-six-well microtiter plates were coated with 5 g/ml purified GST-tagged recombinant PFB0080c protein, control GST protein, and BSA in sodium bicarbonate buffer, pH 9.5, at 4°C overnight. After washing with PBS, pH 7.2, the plates were blocked with 5% fat-free milk in PBS at room temperature for 2 h and then incubated for 1 h with His-tagged full-length recombinant VAR2CSA protein (31) at concentrations ranging from 0.125 to 3 g/ml. The plates were washed four times with PBS and incubated with 1:1000 diluted anti anti-His 5 antibody (Qiagen, Valencia, CA) in PBS containing 2% fat-free milk for 1 h, followed by 1:5000 HRP-conjugated goat anti-mouse IgG (GE Healthcare) for 1 h. The plates were washed with PBS containing 0.05% Tween 20 and treated with 3,3Ј,5,5Ј-tetramethylbenzidine substrate (Sigma-Aldrich). The color development was stopped with 0.2 N HCl, and absorbance at 450 nm was measured using a plate reader.
Statistical Analysis-Results are expressed as either mean Ϯ S.E. One-way analysis of variance (Prism GraphPad version 3.0. Software, San Diego, CA) was used to calculate the statistical difference among experimental groups. p values of Ͻ0.05 were considered as statistically significant.
RESULTS
The C4S-adherent P. falciparum Parasites Express PFB0080c and Other Genes of PFB0075c-PFB0100c Cluster-Several P. falciparum proteins encoded by genes in the subtelomeric regions of chromosomes, including CLAG9, KAHRP, PfEMP3, and RESA, are known to play important roles in the PfEMP1mediated adherence of IRBCs to host receptors. These proteins are essential for PfEMP1 transport, formation of rigid knob assemblies, and dense clustering of PfEMP1 in knobs or expression of PfEMP1 on the surface of infected erythrocytes (16, 17, 19, 22, 25) . To determine whether additional genes were involved in parasite cytoadherence, we initially assessed the levels of transcripts in C4S-binding parasites and non-binding parasites by whole genome microarray analysis (supplemental Table S1 ). Synchronous cultures of parasites were harvested at 18 h postinvasion and fractionated on Percoll density centrifugation to obtain nearly homogenous late stage parasites. The mRNA from each culture was isolated, labeled, and hybridized to a high density microarray containing probes to 5146 P. falciparum gene coding regions, of which 4816 were probed by six or more independent and unique 25-mer sequences (47) . A relative expression level for each gene on the microarray was computed using a match-only integral distribution algorithm, and these levels were compared. Altogether, 136 genes showed more than 3-fold higher expression by the CSA-binding parasites, but given that it is difficult to perfectly synchronize two independent P. falciparum samples, changes in the transcripts of some genes may not be significant. However, much larger changes in transcript level were observed for var2csa (PF3D7_1200600/PFL0030c) and the genes from a subtelomeric segment of chromosome 2 that encodes PF3D7_0201500 (PFB0075c), PF3D7_0201600 (PFB0080c, RLP1), PF3D7_ 0201700 (PFB0085c), PF3D7_0201600 (PFB0090c, KAHsp40), PF3D7_0201900 (PFB0095c, PfEMP3), and PF3D7_0202000 (PFB0100c, KAHRP). Transcript levels for these were between 3.7-and 163-fold higher in the C4S-binding parasites compared with non-binding parasites ( Table 2 ). Examination of the relative expression levels for the non-C4S-selected parasites showed that in most cases, genes in this region were expressed at nearly background levels (ϳ25 units; see supplemental Table  S1 ). To confirm these results, RT-PCR analysis was performed, and this showed that the transcripts of all genes in the PFB0075c-PFB0100c gene cluster were present at high levels in C4S-binding parasites, whereas these transcripts were either absent or present only at negligibly low levels in non-selected parasites (data not shown). Quantitative RT-PCR using primers shown in Table 1 confirmed the high abundance of the transcripts of these genes in C4S-adherent parasites ( Table 2) . Given that the subtelomeric end of chromosome 2 containing the PFB0075c-PFB0100c cluster is prone to deletion during genetic recombination in parasites (27) and is missing in P. falciparum strains, such as Dd2 (48), the data suggest that the high levels of transcripts observed for these genes in C4S-selected parasites compared with those in non-selected parasites was due to the deletion of a subtelomeric section of chromosome 2 in the majority of non-selected parasites. This deletion potentially includes the entire distal region of chromosome 2, whose genes were expressed in neither binding nor nonbinding parasites at 18 -20 h postinvasion.
A search of P. falciparum gene expression profiles in the PlasmoDB database showed that genes of the PFB0075c-PFB0100c cluster are expressed early during the ring stage, coinciding with the timing of the expression of the var2csa gene PF3D7_1200600 (PFL0030c) (35) . PFB0100c (KAHRP) and PFB0095c (PfEMP3) have been extensively characterized, and their functional roles in cytoadherence have been elucidated (16, 17, 19, 22) . The proteins encoded by the remaining four genes of the cluster contain PHIST, DnaJ, or hyp domains (see Table 2 ), and such proteins may be exported to infected erythrocytes (34) . These proteins have been predicted to play important roles in parasite survival, virulence, or cytoadherence (34) . Although some functional information is available for the proteins encoded by PFB0085c and PFB0090c (32-34), the prod-ucts of PFB0075c and PFB0080c have not been experimentally characterized PF3D7_020600/PFB0080c Gene-encoded Protein Is Expressed on the Surface of C4S-binding IRBCs-Although it is known that PF3D7_020700 (PFB0085c) and PF3D7_020900 (PFB0090c) are not essential for the cytoadherence property of P. falciparum (34) , the contributions of PF3D7_020500 (PFB0075c) and PF3D7_020600 (PFB0080c) have not been studied. To determine whether the protein encoded by PFB0080c is expressed by C4S-binding parasites and to examine its subcellular localization, we expressed and purified a recombinant protein corresponding to the 107-420-amino acid portion of PFB0080c/RLP1 in E. coli and raised antibodies in mice. Western blotting using the antiserum showed that PFB0080c was robustly expressed by C4S-selected parasites and was not present in non-selected parasites (Fig. 1) . The observed ϳ55 kDa band agrees with the calculated molecular mass of 58.6 kDa for PFB0080c/RLP1.
Immunofluorescence analysis of C4S-binding IRBCs using anti-PFB0080c/RLP1 antiserum showed a strong expression of PFB0080c on the surface of C4S-selected, permeabilized IRBCs, exhibiting a characteristic punctate "beads on a string"-like DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49
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staining pattern similar to that observed for PFEMP1 on the IRBC surface ( Fig. 2A) . A weak immunostaining of PFB0080c/ RLP1 was also seen in the cytoplasm. No immunostaining of PFB0080c/RLP1 was observed on the surface of the non-adherent IRBCs (Fig. 2B ). Immunostaining of live, non-permeabilized IRBCs using anti-PFB0080c/RLP1 antiserum followed by FITC-conjugated goat anti-mouse or phycoerythrin-conjugated goat anti-mouse secondary antibodies also showed a punctate beads on a string-like staining pattern on the surface of erythrocytes; no cytoplasmic staining was observed (Fig. 2, C  and D) . Together, these results clearly demonstrated that PFB0080c/RLP1 is expressed on the IRBC surface. To confirm and quantify the surface expression of PFB0080c/ RLP1, we stained live RBCs infected with 3D7-CSA or PFB0080c-knock-out (⌬PFB0080c) parasites (see below) using either preimmune serum or an anti-PFB0080c antiserum and analyzed the stained cells by flow cytometry (Fig. 3, A-D) . The 3D7-CSA parasites strongly expressed PFB0080c on the IRBC surface (Fig. 3C) . In contrast, few of the ⌬PFB0080c IRBCs were bound by anti-PFB0080c antiserum, similar to the number staining positive with control preimmune serum (see Fig. 3, A  and B) . Quantification of the combined results of two independent experiments showed that ϳ48% of 3D7-CSA IRBCs are PFB0080c-positive, whereas only ϳ5% of ⌬PFB0080c IRBCs were PFB0080c-positive (Fig. 3E) . These results confirm that PFB0080c/RLP1 is expressed on the IRBC surface.
Because PFB0080c/RLP1 is a PHIST domain-containing protein and such proteins constitute a part of export machinery of parasites, some of which are localized to the knobs in the IRBC surface (34) , it is possible that this protein is involved in either protein transport or membrane function of the infected erythrocytes, potentially by mediating interactions with other proteins, such as VAR2CSA. PFB0080c/RLP1 transcripts peak during the ring stage between 10 and 15 h postinvasion of erythrocytes (PlasmoDB). Thus, the timing of the expression of PFB0080c/RLP1 coincides with that of VAR2CSA (protein) and strong binding of IRBCs to C4S even at the late ring stage (17, 35) .
PFB0080c Plays a Role in the Expression of PfEMP1 and Cytoadherence-To determine whether PFB0080c has a role in P. falciparum cytoadherence, the gene was disrupted by double crossover homologous recombination as described previously (43) . To accomplish this, we constructed a plasmid, pCC1-⌬PFB0080c, by using the strategy depicted in Fig. 4 to knockout the gene and transfected it into 3D7-CSA parasites freshly selected by panning on plates coated with purified placental CSPG. The transfected parasites were selected by WR99210 and 5-fluorocytosine (ancoban) treatments and tested for the disruption of PFB0080c. PCR analysis using the primers outlined in Table 1 showed the presence of a band corresponding to the expected region of PFB0080c sequence in 3D7-CSA parental parasites; however, this band was completely absent in the ⌬PFB0080c parasites selected under the pressure of both WR99210 and 5-fluorocytosine drugs (Fig. 5A) . The absence of PFB0080c in the IRBCs of ⌬PFB0080c parasites is also evident from flow cytometry analysis (see Fig. 3; compare A, B, and D) .
Because telomeric end deletion in several chromosomes of parasites occurs spontaneously during culturing, we wondered whether subtelomeric regions of chromosomes 2 and 9, which contribute to cytoadherence, had remained intact during the disruption of PFB0080c and subsequent drug selection for disrupted parasites. PCR analysis of genomic DNA showed that the telomeric end of chromosome 2 was intact in the ⌬PFB0080c parasites, as indicated by the presence of pfemp3, kahrp, PFB0075c, and PFB0090c (Fig. 5B) . Also, the observed PCR amplification of clag9 indicated that the subtelomeric region of chromosome 9 that contains clag9 and is prone to deletion during culturing, was intact in ⌬PFB0080c parasites. Thus, it appeared that the integrity of chromosomes 2 and 9 was maintained in PFB0080c-knock-out parasites. To test whether deletion of PFB0080c affected VAR2CSA expression on the IRBC surface, we performed immunofluorescence analysis of non-permeabilized parental 3D7-CSA and ⌬PFB0080c parasites by immunolabeling with rabbit anti-VAR2CSA antibody. The results showed that both parental and PFB0080c-knock-out parasites efficiently expressed VAR2CSA on the surface of IRBCs (Fig. 6, A and B) .
To quantify the amount of VAR2CSA protein on the IRBC surface, we immunostained live RBCs infected with 3D7-CSA or ⌬PFB0080c parasites using either an anti-VAR2CSA antiserum or the preimmune serum and analyzed them by flow cytometry (Fig. 7, A-D) . Compared with 3D7-CSA IRBCs, more IRBCs of ⌬PFB0080c parasites expressed VAR2CSA (Fig.   7, A-D) . Quantification revealed that VAR2CSA expression on the surface of ⌬PFB0080c parasites was ϳ3.2-fold higher than that on the surface of 3D7-CSA IRBCs (Fig. 7E) . These results indicate that PFB0080c may play a role in the regulation of VAR2CSA expression or its presentation on the IRBC surface.
To further elucidate whether the regulation of VAR2CSA expression by PFB0080c is transcriptional or translational, we analyzed var2csa mRNA levels in 3D7-CSA and ⌬PFB0080c parasites. The var2csa mRNA level in 3D7-CSA parasites was 2.6-fold higher than in ⌬PFB0080c parasites (Fig. 8) . These results are consistent with higher levels of VAR2CSA protein on the surface of ⌬PFB0080c parasites compared with 3D7-CSA parasites (see Fig. 7 ). The data also suggest that PFB0080c regulates VAR2CSA expression at the transcriptional level.
Because it is possible that the higher levels of VAR2CSA expression in ⌬PFB0080c parasites are due to changes in the expression of one or more genes in the surrounding region of chromosome 2 (i.e. the PFB0075c-PFB0100c cluster), we assessed transcription of these nearby genes. The mRNA level of PFB0090c was significantly higher in ⌬PFB0080c parasites than in 3D7-CSA (Fig. 8 ). This is interesting, given that PFB0090c is a KAHsp40 chaperone, which interacts with knobassociated proteins, such as PfEMP1, KAHRP, and PfEPMP3, in addition to the chaperones, Hsp70 and Hsp101 (32, 33) . Thus, increased expression of PFB0090c could contribute at least partly to higher levels of VAR2CSA expression. In contrast to PFB0090c, mRNA levels of PFB0085c, PFB0095c, and PFB00100c in ⌬PFB0080c parasites were similar to those in 3D7-CSA parasites (Fig. 8) . Although the transcription of PFB0075c in ⌬PFB0080c parasites was slightly higher than in 3D7-CSA parasites, the increase was not statistically significant. Finally, because previous studies have shown that clag9 is DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 required for P. falciparum cytoadherence (28, 29) , we also assessed the expression of clag9. There was no observable difference in its expression in 3D7-CSA and PFB0080c parasites (see Fig. 8 ), ruling out the contribution of CLAG9 to higher expression of VAR2CSA by PFB0080c parasites.
Role of P. falciparum RESA-like Protein in Cytoadherence
It is also possible that PFB0080c interacts directly with VAR2CSA and that this interaction may modulate the cytoadherence capacity of parasites or function as a cue for feedback regulation of VAR2CSA expression. Therefore, we performed an ELISA to determine whether VAR2CSA binds PFB0080c. We found that VAR2CSA bound to PFB0080c in a dose-dependent manner (Fig. 9 ). This interaction had no effect on IRBC adherence because PFB0080c protein was unable to inhibit IRBC binding to placental CSPG (not shown). Further, anti-PFB0080c antiserum also had no effect on IRBC binding to CSPG (not shown). Thus, PFB0080c may control VAR2CSA expression by interacting with it during protein transport and/or at the IRBC surface. Further, because deficiency in PFB0080c increases the IRBC binding capacity, the interaction of PFB0080c with VAR2CSA is not essential for the stability of functional VAR2CSA protein.
Given that PFB0080c regulates VAR2CSA expression, it was also of interest to determine whether the increased surface expression of VAR2CSA contributes to its functional property (i.e. the capacity of IRBC to bind to the C4S chains of placental CSPG). To accomplish this objective, we measured the binding capacity of ⌬PFB0080c parasite IRBCs by incubating separately with bovine tracheal CSA, C4S containing 33% 4-sulfate, chondroitin 6-sulfate, and hyaluronic acid and allowing the treated cells to bind to the placental CSPG coated on plastic Petri dishes (36, 49, 50) . The IRBCs of ⌬PFB0080c parasites strongly bound to C4S, as evident by the concentrations of C4S (80 g/ml) required for the complete inhibition of IRBC binding to placental CSPG (Fig. 10A) ; this C4S-inhibitory concentration is even higher than that observed for parental 3D7-CSA parasites (35, 36, 49, 50) . As seen previously for parental C4S-adherent IRBCs (35, 36, 49, 50) , both bovine tracheal CSA and C4S containing 33% 4-sulfate inhibited the binding of ⌬PFB0080c IRBCs to the placental CSPG in a dose-dependent manner, whereas chondroitin 6-sulfate and hyaluronic acid showed only marginal inhibition of IRBC binding to placental CSPG (Fig.  10A) . These results demonstrated that the ⌬PFB0080c parasites specifically and strongly bind to the C4S chains of placen- Although the PFB0080c fragment is present in parental C4S-adherent parasites, it is completely absent in ⌬PFB0080c parasites selected under the pressure of both WR99210 and 5-fluorocytosine. B, fragments corresponding to the coding regions of the indicated genes (clag9 present in chromosome 9 and genes of the PFB0075c-PFB0100c cluster in chromosome 2) that are located in the subtelomeric regions were amplified from the genomic DNA of ⌬PFB0080c parasites using the primers listed in Table 1 . Seryl tRNA was analyzed as a control. All genes except for PFB0080c were amplified, indicating that subtelomeric regions of chromosomes 2 and 9 that contribute to cytoadherence are intact in ⌬PFB0080c parasites. tal CSPG. Notably, the observed high binding capacity of ⌬PFB0080c IRBCs (see Fig. 10A ) is consistent with the high levels of VAR2CSA expression by the ⌬PFB0080c parasites (see Fig. 7 ).
Because ⌬PFB0080c parasites efficiently express VAR2CSA, we wondered whether PFB0080c/RLP1 might play a role in the stable expression of VAR2CSA when parasites are continuously cultured though many cell cycles. To test this, we analyzed the C4S-binding capacity of ⌬PFB0080c parasites in continuous culture for ϳ6 months without panning on CSPG. The parasites bound to C4S in a manner similar to that of freshly selected parasites. These results are in contrast to a ϳ75% decrease in the binding capacity of 3D7-CSA IRBCs after continuously culturing for 2 months (35) . Together, these data indicate that deletion of PFB0080c results in the efficient expression of VAR2CSA through many generations of parasite growth. Further, we analyzed the ability of ⌬PFB0080c parasites, which were continuously cultured for 5-6 months, for binding to CD36. A small population of IRBCs could bind to CD36 (Fig.  10B ). We selected this CD36-binding parasite population and tested for binding to placental CSPG and CD36. Interestingly, these IRBCs, although selected for binding to CD36, exhibited binding specificity to both C4S and CD36 (Fig. 10B ). In contrast, IRBCs selected for placental CSPG binding bound predominantly to CSPG and only at low levels to CD36 (Fig. 10B) .
The results indicate that the loss of PFB0080c, in addition to conferring stable expression of C4S-binding VAR2CSA through many generations of parasite growth, allows for the expression of CD36-binding PfEMP1 at a slow rate by a small population of parasites, which also express VAR2CSA. These results further indicate that PFB0080c/RLP1 is involved in the regulation of PfEMP1 expression. In future studies, it would be interesting to know whether C4S-adherent ⌬PFB0080c parasites express, in addition to VAR2CSA, ICAM-1 and other adhesive receptor-specific PfEMP1s, thereby binding to multiple receptors.
DISCUSSION
The results of this study show that C4S-adherent P. falciparum parasites express, in addition to kahrp and pfemp3, four other genes that together constitute a gene cluster, PF3D7_ 0201500-PF3D7_0202000 (PFB0075-PFB0100c), located in the subtelomeric left arm of chromosome 2. However, non-adherent parasites did not express these genes, probably due to a spontaneous subtelomeric deletion that occurred during continuous culturing of these parasites. Together, the results strongly suggest that these genes play significant roles in parasite cytoadherence. Although it is well known that kahrp and pfemp3 play important roles in cytoadherence (16 -18, 22) , little or nothing is known about the four other parasite genes, all of which encode proteins exported to the infected erythrocytes.
A previous study assessed the roles of PFB0085c and PFB0090c in cytoadherence by targeted gene disruption in CS2 parasites, which stably express VAR2CSA and thus maintain the C4S-adherent ability through many generations of parasite growth (34) . Disruption of PFB0085c has been shown to have no effect on IRBC adherence to C4S (34) . These results together with our observation that PFB0085c expression in ⌬PFB0080c parasites is unchanged compared with C4S-CSA parasites suggest that PFB0085c is not critical for PfEMP1 expression. However, because PFB0085c is expressed by C4S-adherent parasites (see Table 2 ) and given that it is an exported protein possessing the DnaJ domain, it is possible that this protein functions as a chaperone in exporting cytoadherence machinery or proteins unrelated to cytoadherence to infected erythrocytes. In parasites lacking PFB0085c, other protein(s) having a redundant function may perform its role.
In contrast to PFB0085c, disruption of PFB0090c, which has recently been shown to encode DnaJ domain-containing KAHsp40 (32, 33) , resulted in a marked reduction in expression of VAR2CSA and a negligible level of C4S-binding capacity in CS2 parasites (34) . However, upon panning of PFB0090cknock-out parasites on CSA-coated plates, C4S-adherent parasites were selected. Therefore, it appears that deletion of this gene leads to a switching by CS2 parasite strain to express different PfEMP1s, including VAR2CSA (34) . Considering that CS2 parasites maintain stable C4S adherence characteristics and that a lack of PFB0090c resulted in parasite switching to express different PfEMP1s, KAHsp40 appears to play an important role in the stable expression of VAR2CSA over a long period of parasite culturing.
Based on the results presented here, we conclude that PFB0080c also modulates PfEMP1 expression, but differently than PFB0090c, by contributing to the mechanism involved in the regulation of var gene switching. The following observations support this conclusion. We reported earlier that, after about 2 months of continuous culturing, only ϳ30% of C4Sadherent 3D7 parasites retain C4S-binding ability, and the remainder lost their ability to bind to C4S (35) . In fact, it was necessary to reselect C4S-adherent 3D7 parasites every 6 -8 weeks of culturing by panning on CSPG-coated plates to obtain IRBCs that efficiently bound to C4S (35, 36, 49, 50) . Further, the binding strength of freshly selected 3D7-CSA parasites, as determined by the ability of bovine CSA to inhibit the IRBC FIGURE 10. Disruption of PFB0080c confers stable maintenance of P. falciparum-infected erythrocytes binding to C4S, and a minor population bind to both C4S and CD36. The C4S binding specificity and binding capacity were determined by analyzing the inhibition of IRBCs binding to the purified placental CSPG by the indicated soluble glycosaminoglycans at different concentrations. Assays were done in duplicate. The number of IRBCs bound per mm 2 in an untreated control sample ranged from 1500 to 3000, depending upon the parasitemia (10 -20%). A, plotted values are presented as the percentage of glycosaminoglycanpretreated IRBCs bound per mm 2 relative to the binding of untreated control IRBCs, which was considered as 100% binding. B, after culturing for 5-6 months, ⌬PFB0080c parasites were selected for CD36 and C4S binding by panning on plastic plates coated with CD36 and placental CSPG, respectively. In each case, the IRBCs were assessed for binding to CD36 and placental CSPG. Assays were performed in duplicate, and the number of IRBCs bound per mm 2 is shown. IRBCs selected by panning on CD36 bound to both CD36 and CSPG, whereas IRBCs selected by panning on CSPG bound predominantly to CSPG and only at low levels to CD36. Data are expressed as mean values Ϯ S.E. (error bars).
binding to the purified placental CSPG (IC 50 of CSA ϳ10 g/ml), was substantially decreased after culturing for ϳ2 months (IC 50 of CSA ϳ3 g/ml) (35) . In contrast to the parental 3D7-CSA parasites, the ⌬PFB0080c 3D7 parasites efficiently expressed VAR2CSA and stably maintained C4S-binding ability even after continuous culturing for ϳ6 months, and only a minor population switched to express additionally CD36-adherent PfEMP1. Surprisingly, unlike parental 3D7-CSA parasites, the ⌬PFB0080c parasites strongly bound to the placental CSPG, exhibiting an IC 50 of Ͼ10 g/ml with CSA even after ϳ6 months of continuous culturing. Additionally, a minor population of ⌬PFB0080c parasites also bound to CD36, exhibiting dual binding characteristics (i.e. IRBCs bound to both CSPG and CD36). These results suggest that this population of parasites express both CD36-binding PfEMP1 and VAR2CSA.
Although the expression of PFB0090c protein by ⌬PFB0080c parasites remains to be determined, based on the observed increase in transcription, it is tempting to suggest that PFB0080c modulates the stable expression of VAR2CSA partly by controlling PFB0090c expression. As shown in Fig. 8 , deletion of PFB0080c resulted in the up-regulation of both PFB0090c and var2csa transcription. PFB0090c/KAHsp40 is a knob-associated chaperone protein that interacts with PfEMP1 and several other knob-associated proteins (32, 33) . Thus, PFB0090c may contribute to one or more processes, such as (i) folding of VAR2CSA into functional protein, (ii) transporting it efficiently through erythrocyte cytosol, and (iii) efficient surface display of VAR2CSA. Further, it has been shown that the deletion of PFB0090c results in the loss of the C4S-adherent property of CS2 parasites, which otherwise stably maintain the C4S-adherent property (34) . However, after further culturing and selection of ⌬PFB0090c parasites, the IRBCs could bind to CSA; thus, it appears that the lack of PFB0090c resulted in var gene switching. Therefore, increased expression of PFB0090c is expected to markedly slow down var gene switching to stably express PfEMP1. The stable expression of VAR2CSA over a long period of continuous culturing of parasites may at least in part be due to the increased expression of PFB0090c upon PFB0080c deletion.
Several studies have shown that PfEMP1 expression is mutually exclusive (51, 52) , meaning that a parasite only expresses one type of PfEMP1 at given time, thus binding specifically to a single receptor. Although this is the case in most parasite strains, some can exhibit a dual/multiple binding property. For example, similar to our observations here with ⌬PFB0080c parasites, it has been reported that IRBCs expressing type 41 PfEMP1 can bind to both ICAM-1 and CD36 (17) . It has also been shown that individual parasites of the HB3 stain can simultaneously express both copies of duplicated var2csa genes (53) . Furthermore, a recent study has shown that deletion of PfSet2 resulted in the dysregulation of var gene expression, leading to simultaneous expression of different PfEMP1s on the surface (54) . Thus, it appears that an exception to the monoallelic transcription rule is possible whenever genes affecting the regulation of var genes are altered. Together, the above observations suggest that deletion of PFB0080c allows for the efficient and stable expression of VAR2CSA and additionally expression of two or more PfEMP1 having different adhesive specificity by a population of C4S-adherent parasites to exhibit two or possibly more binding characteristics.
As shown in Figs. 2 and 3, PFB0080c/RLP1 is expressed on the surface of parasite-infected erythrocytes. This observation is consistent with the features of PFB0080c/RLP1 that the protein contains an N-terminal peptide signal sequence for endoplasmic reticulum translocation and a canonical Plasmodium export element (PEXEL), a pentapeptide motif at the N-terminal end, for protein export to erythrocytes (55) . Additionally, PFB0080c/RLP1 has a PHIST domain, a conserved domain consisting of ϳ150 amino acids forming four consecutive ␣-helices (56) . About 70 P. falciparum proteins contain PHIST domains, comprising a large family of exported proteins. A notable characteristic of PHIST family proteins is that they are expressed at the early ring stage, and some of these proteins appear to contribute to the rigidity of infected erythrocytes and cytoadherence (56) . One of the prominent members of the PHIST family of proteins is RESA (19, 57, 58) . A previous study has shown that a lack of RESA results in a significant increase in the capacity of CD36-binding parasites (25) . Whereas parasites with disruptions in the genes encoding KAHRP or PfEMP3 showed, respectively, 14 and 70% CD36-adherent capacity, as compared with parental 3D7 parasites, those with the deletion of the subtelomeric end of chromosome 2 had a 19% adherent capacity. Based on these results, it was predicted that the loss of a RESA-like homolog, which is located in the subtelomeric end of chromosome 2 might increase the adherent capacity (25) . The N-terminal end of PFB0080c resembles RESA. Our observations that targeted disruption of PFB0080c leads to a stable cytoadherence and that the adherent capacity of parasites is higher than that of the parental 3D7 parasites when measured after culturing for several months suggest that PFB0080c is similar to RESA in function. Thus, we have named this protein RESA-like protein 1 (RLP1).
Because RLP1 is expressed on the surface of infected erythrocytes, an important question is how exactly the lack of RLP1 results in the stable maintenance of C4S binding by parasites. Obviously, parasites must efficiently express VAR2CSA during culturing through many generations of parasite growth without significantly switching to express a different PfEMP1 and avoiding telomeric end deletions. As discussed above, because deletion of PFB0090c/KAHsp90 destabilizes stable expression of VAR2CSA in C4S-adherent parasites (34) , one likely mechanism is that higher expression of KAHsp40 by ⌬PFB0080c parasites contributes partly to the stable expression of VAR2CSA. Further, the deletion of PFB0080c may also result in other transcriptional alterations, leading to the changes in the regulatory mechanism that controls var gene switching/a single var gene expression. Several possible scenarios can be envisioned. (i) The genomic structural changes introduced by the integration of the deletion cassette prevent the frequent subtelomeric recombination events from occurring readily (46) , thereby stabilizing VAR2CSA expression. (ii) The loss of RLP1 results in the up-regulated expression of several proteins including KAHsp40 may contribute to the steady and stable expression of VAR2CSA through many generations of parasite growth. (iii) The interaction of RLP1 with VAR2CSA shown here (and possibly its interactions with other proteins) is a cue for var gene switching. Thus, the absence of RLP1 results in the stable expression of PfEMP1 and the maintenance of chromosome integrity. In any event, overall, our data demonstrate that RLP1 modulates the expression of both PfEMP1 and KAHsp40; the latter in turn appears to contribute to the stable expression of VAR2CSA.
